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We discuss spacecraft Doppler tracking for detecting gravitational waves in which
Doppler data recorded on the ground are linearly combined with Doppler nlea-

surements made on board a spacecraft. By using the four-link radio system first
proposed by Vessot and Levine ‘, we derive a new method for removing from
the combined data the frequency fluctuations due to the Earth troposphere, ion-
sphere, and mechanical vibrations of the antenna on the ground. I’his method also
reduces the frequency fluctuations of the clock on board the spacecraft by several
orders of magnitude at selected Fourier con}ponents,  making Doppler tracking the
equivalent of a zylophone  detector of gravitational radiation?. In the assumption
of calibrating the frequency fluctuations irlduced by the interplanetary plmn)a,  a
strain sensitivity equal to 4.7 x 10–18 at 10–3 

117 is  estimated.

1  Intr-ocluction

Doppler tracking of interplanetary spacecraft is the only existing technique that
allows searches for gravitatio]lal  radiation in the rnillihertz frequency regior?.
“1’he frequency fluctuations incltrced by the intervening media have severely
limited the sensitivities of these experi~nents. Among all the propagation noise
sources, t}le troposphere is the largest and the hardest to calibrate to a reason-
ably low level. Its frecluency fluctuatiorls  have been estimated to be as large
~. 10-13 at 1()()(1 seconds integration tinle4.

In order to systetnatically  remove the frequency fluctuations due to the
troposphere in the I)opl)ler  clata, it was pointed out by Vessot  and Levirrc?
and Srnarr et al. 5 that by adding to the spacecraft payload a highly stable
frequency standard, a lloppler  read-out systenl, and by utilizing a transponder
at the groun# antenna, one could make I)oppler  one-way (Earth-to-spacecraft,
spacecraft-to- Earth) as well as t we-way (spacecraft- Earth-spacecraft, Earth-
spacecraft-  llartll) ]neasrrre1[lenh3. “1’llis way of operation makes the Doppler
link totally synllnetric  and allows tile co[nplete  removal of the frequency fluc-
tuations due to the Earth troposphere, ionosphere, and Inechanical  vibrations
of the ground alitenna by properly conl])i[ling the Doppler data recorded on
the ground witli tlte data measured ori tile spacecraft. ‘l’heir proposed scheme
relied on the possibility of flying a hydrogen maser on a dedicated mission.
Although current designs of I[yclrogen  rllasers have demanding requirements
in mass and power consur[lption,  it secr[is very likely that by the beginning of
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the next century new space-qualified atomic clocks, with frequency stability of
a few parts in 10- 16 at 1000 seconcls integration time, will be available. They
would provide a sensitivity gain of al]noat a factor of one thousand with re-
spect to the best perfor~nance crystal-driven oscillators. Although this clearly
would imply  a great irnprover]]ent in the technology of space born clocks, it
would not allow us to reach a Doppler sensitivity better than a few parts 10-]6.
This would be only a factor of five or ten better than the Doppler sensitivity
expected to be achieved on the future Crssini  project, a NASA mission to
Saturn, which will take advantage of a high radio frequency link (32 G] [z) in
order to minimize the plassrna noise, and will use a purposely built water vapor
radiometer for calibrating up to nirlety five percent the frequency fluctuations
due to the troposphere.

in this paper we adopt the radio link configuration first envisioned by
Vessot and Levine?, but we combine tile Doppler responses measured on board
the spacecraft and on the ground in a differerlt way, as it will be shown in the
following sections. l’urtberrnore our technique allows us to reduce by several
orders of magnitude, at selected Fourier components, the noise due to the clock
on board the slJacecraft?.

2 Dop~)lcr  ‘1’acking  as a Narrow’-lmlld  D e t e c t o r

in Doppler tracking experiments a distant i]lter],lanetary spacecraft is morli-
tored frolli Earth through a raclio link, a[ld t}le F;arth and the spacecraft act as
free-falling test particles. In one-way l)oppler  Ineasrrrernents a radio signal of
nominal frequency Do referenced to a~l onboard clock is transrrlitted to Earth,
where it is compared to a signal refcrerlced to a highly stable clock. In two-
way operations, which have been used so far in gravitational wave searches, a
radio signal of frequency V. is transmitted to the spacecraft, and coherently
transponder back to Earth.

If a l)oppler  readout system is adclcd to the spacecraft radio irlstrurnen-
tation, and a transponder is installed at the ground station, one-way as well
as two-way I}opplcr  data can also be recorded on board the spacecraft. If we
assume the Earth clock arid t]le orlboard clock to be synchronized, then the
one-~vay and two-way DolJpler  data rrleasured at tizne t on the Earth (El (t),
Ez(t)  respectively), and tile one-way arid two-way Doppler measured at the
same ti[ne t on tlie spacecraft (Sl (t),  S2(t)), are given by tile following rather
complete expressior]s?

(] ‘~’) /L(~ _ (1 +  /,)1,)  - h ( t ) ]  +  C.c(t - ~) - ~.E(~)111 (t) == –-j-- [

+- l’(t) +- IJ(f – L) + /t,c(t – L) + ELF;,(t)  -t h’l(t) , (1)
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(1 ‘J’) h(t - 21,)(1 - l’) },(~) - p h(t -- (1 +p)L) + TEz(t)  =  –-~—

+ Cl;(t -- 2L) – c~; (t) + 2B(t – L) + 7’(t – 21.) + T(t)
+ i41; (t -- 2L) -t A,c(t  -- 1/) + 7’R,c(t  – L) + ELx;, (t)

+  1’1:2 (t) (2)

(1+ ~’) ~(~ - L )  -  h(t -  /, L)] +  C’E(t  - L )  -  cx(~)Sl(t) =  – - j –  [
+ T(t  – L) -t B(t) + AF; (t – L) + ELs, (t) + 1’s, (t) , (3)

(1 -P) ],(~ - 2], -- pL)s~(t) = - .  QUA
2

h(t - pz,) + p h(t – L) + —~

-t Csc(t – 21.) – c,=(t) -t 2T(t – L) + B(t – 21.) + ~~(t)
+ A,c(t  - 21/) + AJ; (t –  ~,) +- T~iE(f –  ~) +  ~~~s,(t)

+ ~s2(~) , (4)

where h(t)  is equal to

h(t)  == h+ (t) COS(24)  + hx (t) sin(2q5)  , (5)

and is the gravitational wave signal. In l’;qs. (1 - 4) p is the cosine of the  angle

between the direction of propagation of the wave and the line of sight to the
spacecraft, h+ (t), hx (t) are t}le wave’s two independent amplitudes referenced
to a given set of axes defined in the plane of the wave, # is the pc)lar angle
describing the projection of the direction to the spacecraft in the plane of the
wave, and L is the distance to the spacecraft (units in which the speed of light
C=l)

In 13qs. (1 -4) CE(t)  and C,.(t) represent the fluctuations due to the ground
and onboard clock respectively, B(t) is the effect of the spacecraft buffeting,
T’R,C(t) and TRfi; (t) represent the noise due to the transponder on board and
on the ground respectively, ELE, (t), E1,f;z (t), L’Ls1  (t), and ELst (t) the noises
from the electronics at the ground station and on the spacecraft in the one-
way and two-way data, ar~d PE, (t), P~;2 (t), l>S, (t), and l>s, (t) the frequency
fluctuations due to tlie interplanetary plasma. l’he p]asrna noise can be entirely
calibrated by using dual frecluencie~. ‘1’he  Doppler data S1 (t) and S2(t)  are
then tin)e tagged, and telemetered back to Earth in real time or at a later time
during the mission.

It was first pointed out by Vessot and Levin+  that by properly combining
some of the four lloppler  data streams it was possible to calibrate the frequency
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fluctuations of the troposphere, ionosphere, and ground antenna noise, ~’(t).
lVe have further improved their resultz by showing that there exists a unique
linear combination of the two one-way Doppler data which does not contain
T(t) and minimizes the r.nl.s. noise level. ‘1’he corresponding expression ~(~)
of this linear combination in the Fourier domain is equal to 2

If we substitute the Fourier transfortus of Ilqs. (1, 3) into Eq. (6) we get

(6)

(7)

Ilq. (7) shows that the transfer function of the noise of the onboard clock,—
C,C(~) can be minimized at multiple integers of the inverse of twice the round
trip light time. ‘1’he sensitivity figures achievable with this technique have been
estimated in reference [2] under several radio hardware configurations. ‘I’he
lowest sensitivity that this technique can achieve at 10-3 IIz has been estimated
to be equal to 4.7 x 10-ls, under the assumption that the inverse of the round
trip light titne does not change more than the frequency resolution Af of the
data over forty days. In order to show tl~at this is not an unrealistic hypothesis,
we have analyzed the Cassini  trajectory when gravitational wave experiments
will be perfornieci. We have foul~d that the distance to the spacecraft can be
approximated quite accurately by the following quadratic function of time

L(t) == cx+/3t+7t2,

CY== 2.9 x 1 03 sec. ; p=--l.4 X 1 0 -5  ; y= 1.1 x 1O-**IIZ , (8)

where the numerical values for a, ~, a]~d 7 given in Eq. (8) correspor(d to the
first Cassiui  solar oppositioil.  ‘l’lie  tit[le derivative of Eq. (8), calculated for a
time ir~terval  of forty days, ilnplies  the following maximum variation JJ of the
frecluency f~ = 1 /4L

Sf
7; =6.3 X]O-5< := 1.6 X 1 0- 3  . (9)
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3  c o n c l u s i o n s

The main result of our analysis shows that by flying a frequency reference and
by adding a Doppler extractor on board a spacecraft and a transpcmder  at
the ground antenna, we can achieve at selected Fourier components a strain
sensitivity of 4.7 x 10–ls.  Our method relies on a properly chosen linear com-
bination  of theotle-way  l~oppler  data recorded on board with those me=ured
on the ground. It allows us to remove entirely the frequency fluctuations due to
t}le troposphere, ionosphere, and antenna mechanical, and to reduce by several

orders of magnitude the noise due to the onboard clock.
l’he experimental technique presented in this paper can be extended to a

configuration with two spacecraft tracking each other through microwave or
laser links. Future space-based laser illterferometric  detectors of gravitational
waves?, for instance, could implement t}lis technique as a backup c)ption, if
failure of son~e  of their components w’ould  make the normal interferomctric
operation impossible.
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